Introduction
In studies of unsteady (oscillatory) turbulent boundary layers, the mean friction velocity is a quantity useful both for evaluating drag coefficients and normalizing experimental data. While it may be measured indirectly using scalartransport probes -hot-film gauges or electrochemical probes -these devices are known to be problematic when fluid flow and scalar transport are not quasi-steady, or if fluid flow is not unidirectional. The notion of deducing u~ by the Clauser technique -force-fitting a mean-velocity function over part of a profile of U -has obvious attractions, though no justification exists for its extension to mean profiles of unsteady flows. Using results from a recent study of unsteady turbulent boundary layers (Brereton and Reynolds 1987) , in which u~ could be gauged from the near-wall velocity gradient and estimated by Clauser technique, the plausibility of extending the Clauser technique to this application is considered.
Background
When the Couette-flow assumption is valid near the wall in an oscillatory turbulent boundary layer, the mean x-momentum equation may be written using the triple decomposition proposed by Hussain and Reynolds (1970) It differs from its steady-flow form only through an additional stress due to the oscillatory motions (-Q ~ 9) and a modified pressure-gradient term. If the contributions of -0 u' v' and -Q ~ 17 to the shear stress are small very close to the wall (say y+< 7, where viscous flow dominates), u~ may be estimated from a fit of U against y which follows from integration of (1). The Clauser technique could be applied dependably (in the form u + --1 In y + + C) over part of a profile of --x U where z were approximately constant and -u'v'-~ scaled upon dU/dy and the local length scale (y) through ~, the Von K~rmfin constant for steady flow.
Experimental procedure
In the experiments of this study, a sinusoidal motion of prescribed amplitude was superimposed on an otherwise steady mainstreambeyond a turbulent boundary layer (Reo ~ -3200). The mean pressure gradient was adverse and the amplitude of the oscillatory motion in the free stream increased with downstream distance (at the rate at which U~ decreased). Thus 8~/Oxr and ~ was not necessarily zero. For a given amplitude of ~, its frequency could be varied between a lower limit (quasi-steady flow) and an upper one at which Stokes' solution was matched. A series of experiments was conducted for oscillation at 0.2, 0.5, 0.8, 1.0, 1.6 and 2.0 Hz, with mean boundary conditions of ( /~ = 3.2 where ~ is the Clauser parameter, and the z o dx J amplitude of ~ equal to 11% of U~.
Measurements of the boundary-layer velocity field were made with a two-colour laser-Doppler anemometer operated in forward-scatter mode, in a closed-loop water tunnel. The lengths and diameters of the measuring volumes were about 0.5 mm and 0.15 mm respectively within a boundary layer for which 699 -~ 80 mm.
Results and discussion
The measurement techniques were applied first in steady turbulent boundary layers with Re o ~-3200, at eight different pressure gradients in the range 0< fl < 6, as a check upon their relative accuracies. A least-squares fit of u + = y + (for y+ <7, typically four or more data points) was used to evaluate u~ for each ease. The Clauser technique was applied to each profile as a least-squares fit of Coles' mean velocity function (Coles 1968) , in which u~ and ~ were varied systematically. As this function also represented the wake, it could with r.m.s, scatter less than 0.2%. The values of u, deduced by each technique compared very favourably over the entire range of /~, with discrepancies no larger than 2%. Thus near-wall measurements of U were considered accurate and concerns over increased experimental uncertainty in this region appeared unwarranted. To emphasize the significance of such low discrepancies, the effect of replacing the values of ~ and C of 0.4 and 5.5 with 0.41 and 5.0 was to increase u~ by 4% in each case! For time-averaged unsteady flow (fl = 3.2), measured profiles of U are shown in Fig. 1 at several representative frequencies of oscillation, together with a steady profile at the same value of ~. The linear and log-linear parts of the forced fits are superimposed, for ~ =0.4 and C = 5.5. It is evident that the fits to unsteady profiles are poor, and that smaller. values of both ~ and C are appropriate. In fact, for systematic variation of u~, 5, ,~ and C, the closest fits to these data were obtained with ~-~0.33 and C-~3.0, with only slight modifications to u~. Nonetheless the values of u~ deduced from these fits differed from their near-wall counterparts by only 3%-4% -a surprisingly good result in view of the poorness of the fit. To explain these findings more clearly, profiles of -u' v' and -~ ~ are shown in Fig. 2 . A reference profile of -u' v' for steady flow at /~ = 3.2 is also included. This profile is similar in both shape and magnitude to the unsteady-flow profiles, which are characterized by a region of approximately constant stress (-u'v'-fi~7-0.0025 U~) over the range 30 < y+ < 200, the log-linear region of Fig. 1 . Although -fi is small within this region, it still reaches between 10% and 20% of -u'v', with larger values at lower frequencies, As ~ (in steady flow) relates a time-dependent velocity scale ~ to a local mean one dU/dy (via y, the only relevant length scale), the suitability of a smaller • for this oscillatory flow indicates that any augmentation by -fi ~ of the velocity scale is less important than its local effect in increasing dU/dy. Consequently accurate values of u~ (within 4%) generated by an ill-fitting application of the Clauser technique appear to be the result of a fortuitous choice of
